The selective stabilization of octadecylamine (ODA) on semiconducting ͑S͒ single-wall carbon nanotubes (SWNTs) has been reported to provide a means for the bulk separation of S from metallic ͑M͒ SWNTs. Utilizing resonance Raman spectroscopy and, in particular, the relative changes in the integrated intensities of the radial-breathing mode region, a generic method has been developed to provide quantitative evaluation of the separation efficiency between M and S SWNTs along with diameter separation. The ODA-assisted separation is shown to provide S enrichment by a factor of Within the family of one-dimensional (1D) materials, single-wall carbon nanotubes (SWNTs) play a major role because of their many unique properties, 1 whereby a SWNT can be either metallic ͑M͒ or semiconducting ͑S͒, depending only on its geometrical structure.
The selective stabilization of octadecylamine (ODA) on semiconducting ͑S͒ single-wall carbon nanotubes (SWNTs) has been reported to provide a means for the bulk separation of S from metallic ͑M͒ SWNTs. Utilizing resonance Raman spectroscopy and, in particular, the relative changes in the integrated intensities of the radial-breathing mode region, a generic method has been developed to provide quantitative evaluation of the separation efficiency between M and S SWNTs along with diameter separation. The ODA-assisted separation is shown to provide S enrichment by a factor of Within the family of one-dimensional (1D) materials, single-wall carbon nanotubes (SWNTs) play a major role because of their many unique properties, 1 whereby a SWNT can be either metallic ͑M͒ or semiconducting ͑S͒, depending only on its geometrical structure. 2, 3 Presently available SWNT synthesis methods show no selectivity for M or S SWNTs, yielding a product that is a mixture of both M and S SWNTs. Postsynthesis separation of M and S SWNTs is thus of great interest for the SWNT research community. One of the recently reported separation mechanisms is attributed to the enhanced chemical affinity of the octadecylamine (ODA) surfactant for S SWNTs. The ODA exfoliates SWNT ropes to small bundles (containing two to six SWNTs) when dispersed in tetrahydrofuran (THF), rendering M-enriched bundles more prone to precipitation when the THF is partially evaporated. 4 Several other separation techniques have also been reported recently. [5] [6] [7] [8] These reports [4] [5] [6] [7] [8] use resonance Raman spectroscopy (RRS), among other methods, as proof of their separation of M and S SWNTs, since RRS is a common tool for the characterization of SWNTs, both when arranged in bundles 9 and as isolated tubes. 10 However, the relative intensities of the RRS features associated with M and S SWNTs at one laser excitation energy do not reflect the proportions of the corresponding SWNTs in the sample. 11 The RRS intensities are resonantly enhanced when the laser excitation energy ͑E laser ͒ approximately matches one of the van Hove singularities (VHSs) in the joint density of electronic states (JDOS) of individual 1D SWNTs. 10 We thus need to consider both the SWNTs contained in the sample and the different resonance enhancement factors for each SWNT contributing to the Raman spectrum for several E laser , in order to obtain the separation efficiency of M and S SWNTs. In this letter, we introduce a method for evaluating the ratio of M to S SWNTs in the different fractions of the separation process relative to their presence in the initial sample, using RRS at several E laser values, based on several assumptions. An illustrative application of this method is made here to the ODA-assisted separation process 4 applied to SWNTs prepared by the high pressure CO decomposition (HiPco process).
Among the various features observed in the Raman spectra, the radial-breathing mode (RBM) is the most suitable for estimation of the separation efficiency of M and S being SWNTs. This is due to the RBM frequency ͑ RBM ͒ being inversely proportional to the SWNT diameter ͑d t ͒, 12 and the M and S SWNTs with different d t being resonant with a given E laser 13 thereby distinguishing RBM features attributed to M SWNTs from those of S SWNTs. RBM profiles of an "as-prepared" HiPco sample before separation ͑ps͒, as well as the precipitant (pp), and supernatant (sn) fractions after separation, taken with E laser = 2.33 eV and 1.96 eV, are shown in Figs. 1(a)-1(c), respectively. The measurements were performed on ODA-dispersed SWNTs, drop casted on a Si/ SiO 2 substrate, followed by removing the ODA surfactant by an extensive chloroform wash and an anneal it at 200°C under vacuum, which results in bundled SWNTs.
Each Lorentzian from the line shape analysis with background subtraction (to 5% accuracy) shown in Fig. 1 arises from a superposition of several different ͑n , m͒ SWNTs that are resonant with E laser , while most ͑n , m͒ SWNTs within the sample are not resonant and do not contribute to the RBM intensity. To identify the observed Lorentzian features with M or S SWNTs, we use a Kataura plot, 13 giving the VHS energies in the JDOS for all ͑n , m͒ SWNTs as a function of d t . While the resonant VHSs in the Kataura plot are selected by E laser , the d t values are obtained from RBM according to the relation RBM 
14 The coefficients ␣ and ␤ are very sensitive to the SWNT synthesis method and SWNT surroundings.
14 For bundled HiPco SWNTs, we obtained ␣ = 239 cm −1 nm and ␤ = 8.5 cm −1 we obtained by fitting RBMs for many laser lines. 15 Using these values for ␣ and ␤, we can uniquely identify each Lorentzian with either M or S SWNTs from the Kataura plot, as shown in Fig. 1 The ratio of the number of M SWNTs to the number of S SWNTs in the sample, hereafter referred as the ͑M : S͒ ratio, can be found by approximating the d t distributions for M and S SWNTs. The starting d t distribution for both M and S SWNTs can be obtained from the RBM spectra shown in Fig. 1(a) following the state-of-the-art fitting procedure of Kuzmany, et al.
14 yielding 1.05± 0.15 nm (Gaussian with mean diameter d t = 1.05 nm and variance = 0.15 nm). 15 We assume here that the initial ͑M : S͒ ratio is ͑1:2͒, which is the commonly accepted value for randomly grown SWNT. However, different synthesis processes may yield ͑M : S͒ ratios that vary from this ͑1:2͒ value. 16 To evaluate the d t distributions for M and S SWNTs in the pp and sn fractions, we select the two Lorentzians near 192 and 266 cm −1 which are present in all spectra (shown by vertical dotted lines in Fig. 1 Fig. 1(a) , which allows us to eliminate the unknown resonance enhancement factors for the individual ͑n , m͒ SWNTs contributing to the spectra, thus avoiding a specific ͑n , m͒ assignment. It is essential that the RBM spectra for all the fractions (ps, pp, and sn) at a given E laser are taken under the same experimental conditions (laser power, spectrum accumulation time, extent of SWNT bundling, etc.) to ensure proper normalization of the Lorentzian areas. For example, the enrichment factors for S SWNTs of L diameter (hereafter denoted by SL) are given by 19.7/ 16.4= 1.20 and 41.5/ 16.4= 2.53 for the pp and sn fractions, respectively (see Lorentzian areas shown in Fig. 1 ). This ͑SL͒ and other (Ms, ML, and Ss) enrichment factors for the pp and sn fractions are summarized in Table I . The enrichment factors provide information on the ͑M : S͒ separation in the pp and sn fractions, and also on the Ss = SL is expected, while if no ͑M : S͒ separation occurs, Ms = Ss and ML = SL are anticipated. By comparing the enrichment factors listed in Table I , we see that none of these conditions is satisfied for our pp and sn fractions, thus implying that both ͑M : S͒ separation and d t separation take place simultaneously. Information on the ͑M : S͒ separation and the d t separation stored in the enrichment factors (Ms, ML, Ss, and SL) is extracted by fitting the d t distributions for M and S SWNTs in the pp and sn fractions to Gaussian functions. For each fraction, the two Gaussians for M and S SWNTs will generally have different amplitudes and different mean diameters, but the same variance as the starting SWNT material, = 0.15 nm. The latter assumption is reasonable as long as the d t separation is not too severe, as will be shown elsewhere. 17 We then solve for the four unknowns (amplitudes and mean diameters of M and S Gaussians) to fit the four enrichment factors. The ͑M : S͒ ratio is then given by the ratio of the amplitudes of M and S Gaussians multiplied by the assumed ͑1:2͒ ratio for the starting SWNT material. The former ratio of the Gaussian amplitudes is given by ͱ ͑MsML͒ / ͑SsSL͒, that is the ratio of enrichment factors for M and S SWNTs averaged over s and L diameters. 17 Simi- According to the ͑M : S͒ ratios listed in Table I , an overall enrichment of 10.4/2=5.1 [or 10.4/ ͑10.4+ 1͒ = 91% assuming a ͑1:2͒ ratio in the ps material] was obtained for S SWNTs in the sn fraction, which is explained by the increased affinity of ODA toward S SWNTs, rendering S-enriched bundles more prone to remain in the sn fraction. 4 On the other hand, the M SWNTs in the pp fraction show a modest enrichment of only 14%, indicating precipitation of an adequate amount of S SWNTs in order to remove the bundles with high M-content, so that most SWNT material ends up in the pp fraction, while little is left in the sn fraction. However, as evident by comparing Ms and ML enrichment factors for the sn fraction (see Table I ), the presence of a considerable amount of large d t (above 1 nm) M SWNTs in the sn fraction lowers the overall ͑M : S͒ ratio, that would otherwise be around Ss / Ms = 1.02/ 0.07= 14.6 [or ͑M : S͒ = ͑1 : 29.2͒] for SWNTs of d t below 1 nm. Similarly, poor enhancement results have been observed for the higherdiameter ͑1.37± 0.18 nm͒ laser-ablated SWNT samples. 4 The reasons behind this d t dependence of the enrichment factors are not currently understood and might originate from either electronic amine-SWNT interactions or curvature-induced stabilization.
An analytic method is presented for evaluating the ͑M : S͒ and d t separation efficiencies, based on the line shape analysis of the RBM features in the RRS probed using two specially selected E laser , which for this sample approximately take account of the d t distribution. Explicit application to the recently developed ODA-assisted bulk SWNT separation process demonstrates that it is effective in generating fractions five times enriched in S SWNTs. Further improvement in separation efficiency is expected for SWNT samples with d t distributions centered below 1 nm. Use of the RRS characterization method, which can also be applied and extended to other separation processes, can thus help to further advance the separation methodology. The evaluation method for the ͑M : S͒ and d t separations with multiple laser lines, which would further refine the analysis protocol, will be published in more detail elsewhere.
